In this Chapter, we provide an overview of how noncovalent interactions, determined by the chemical structure of π-conjugated molecules and polymers, govern essential aspects of the electronic, optical, and mechanical characteristics of organic semiconductors. We begin by describing general aspects of materials design, including the wide variety of chemistries exploited to control the electronic and optical properties of these materials. We then discuss explicit examples of how the study of noncovalent interactions can provide deeper chemical insights that can improve the design of new generations of organic electronic materials.
Introduction
Organic semiconductors, electronically and optically active materials derived from π-conjugated molecules and polymers, have attracted major academic and industrial attention over the past three decades. The potential for large-scale and low-cost device fabrication, distinctive device form factors that arise from the inherent mechanical flexibility of thin-film 'plastic' materials, and the ability to readily tune the material electronic and optical properties through wellestablished synthetic chemistry principles, have driven the development of thousands of organic materials. [1] [2] [3] [4] [5] [6] To date, organic semiconductors have been exploited in a wide range of applications, from light-emitting diodes for displays and solid-state lighting, solar cells, fieldeffect transistors, all-optical switches, or biosensors, and represent already a $ multi-billion market.
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Advances in organic synthesis and molecular design, along with considerable improvement in the understanding of how to control the processing of these thin-film materials, have resulted in continued enhancement of device performance over the years. [23] [24] [25] However, organic semiconductors still suffer from numerous drawbacks when compared to their inorganic counterparts. A key parameter in many of these applications is the ability to effectively transport charges, either holes or electrons, or both in the case of ambipolar materials. Efficient chargecarrier transport, along with aspects of the optical response, strongly depends on the electronic couplings among neighboring molecules or chain segments, factors that are directly contingent on the solid-state molecular packing arrangements. Hence, there is growing interest in how to design the chemical composition of molecules and polymers to dictate not only the electronic and optical response of the isolated molecules, but also the noncovalent interactions that direct molecular packing.
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Prime examples of how changes in chemical structure impact molecular packing and, in turn, the material electrical response can be found in the oligoacene family, a set of linearly fused aromatic hydrocarbons. If we take the examples of tetracene and its derivative rubrene (5,6,11,12-tetra[phenyl]tetracene) -the latter of which is discussed in more detail in section 3.2 of this chapter-39, 40 we find that crystalline tetracene packs in the edge-to-face herringbone configuration typical of most oligoacenes; on the other hand, the tetraphenyl substitution along the long axis of the tetracene core in rubrene transforms the preferred packing configuration to one where the tetracene backbones are arranged in a slipped, face-to-face, often referred to as "π-stacked", configuration. This configuration in rubrene leads to substantial spatial overlap of the tetracene backbones and wavefunction overlap of the tetracene-based frontier π orbitals, resulting in large intermolecular electronic couplings and record-high charge-carrier mobilities (up to 40 cm 2 V -1 s -1 ) in single-crystal field-effect transistors; 39-41 as a point of reference, electron mobilities in amorphous silicon range from 10 -3 to 10 1 cm 2 V -1 s -1 , 42 ,43 depending on sample preparation and doping. Chemical functionalization of rubrene, in attempts to improve crystal packing, has achieved varying success. Such results, as we will discuss, are in fact highly dependent on the noncovalent interactions that exist in these materials. [44] [45] [46] [47] Variations in processing can also be used to enhance the material charge-carrier transport properties. Recent advances in solution processing techniques, such as drop casting, spin coating, or meniscus-guided coating, have been developed with a view to direct the solid-state morphology of organic semiconductors. 48 These advances will not be discussed here and the interested reader is directed to recent reviews on the subject. [23] [24] [25] However, noncovalent interactions in the ink (i.e., solution) formulations of solution-processable semiconductors are critical; we will show some initial attempts to understand how such interactions in the solution environment can seed the development of the thin-film morphology of organic semiconductors.
To this point, we have discussed noncovalent intermolecular interactions in a rather general way.
Building on previous Chapters in this book, see for instance Chapter 1, we now briefly reintroduce the key interactions, as these definitions will serve an essential role in the discussion that follows:
Electrostatic interactions arise from interactions among unperturbed charge distributions on neighboring molecules. The charge distributions on a molecule can be expressed in the form of a multipole expansion, i.e., monopole (charge), dipole, quadrupole, etc., starting with the lowestorder permanent multipole moment; the interactions arising from these multipoles include monopole-monopole, monopole-dipole, monopole-quadrupole, dipole-dipole, dipole-quadrupole, quadrupole-quadrupole, etc. It is important to bear in mind that such a multipole expression is valid only if the two monomers are separated by distances that are typically over 4 Å (see Chapter 1 for further details on the convergence of the multipolar expansion). When the molecules are brought close together, the monomer charge densities start to overlap significantly, with the charge density on one molecule experiencing attraction from the nuclei of the other molecule. This increased electrostatic attraction results in an extra stabilization referred to as charge penetration. [49] [50] [51] In many relevant organic semiconductors, the plane-to-plane distance is typically <4 Å; hence, significant charge penetration effects can be present.
Induction can be understood as the energy stabilization due to the electronic relaxation of the charge distribution on one molecule in response to the presence of another molecule; in other words, induction is the stabilization due to the induced electrostatic moments on one molecule owing to the presence of permanent multipole moments of the other. In the case of π-conjugated organic materials, the contribution from induction is generally small in magnitude, except when dealing with charged monomers.
Dispersion is dominant contributor to intermolecular stabilization in many π-conjugated molecular materials. Dispersion arises from instantaneous charge fluctuations (induced dipoles)
in the electron density on each interacting molecule. Using oligoacenes as a model, modifications to the length of the π-conjugated framework, substitutions (X) within the framework, or moieties substituted along the periphery (R1 and R2) not only will affect the molecular redox and (opto)electronic characteristics, but also the nature and strength of the noncovalent intermolecular interactions (exchange repulsion, dispersion, electrostatics, and induction) that energetically drive certain molecular packing configurations in the solid state. Here, the nature and strength of the noncovalent interactions between two molecules -one in gray and one in black -can lead numerous ordered packing configurations, including herringbone, one-dimensional [1D] slipped-stack, or two-dimensional [2D] brickwork, to name but a few.
Exchange-repulsion,

Materials Design Motifs
In this Section, we elaborate on some strategies that have been used to design π-conjugated molecular and polymeric materials. We begin with a very short overview of the connections between charge-carrier transport and molecular packing in the solid state. We then briefly describe how heteroatoms incorporated into the π-conjugated backbone and halogen atoms attached to the periphery of the backbone can influence molecular packing. We finally emphasize the importance of alkyl side-chains with respect to solubility, packing, and the resulting device performance. Admittedly, this overview is by no means exhaustive given the thousands of organic semiconductors that have been synthesized. Heteroatom substitution within the π-conjugated backbone has been widely used to alter the electronic characteristics of molecules and polymers. The impact of heteroatoms on these characteristics comes from changing the spatial extent of the π-electron cloud and the polarizability of the aromatic systems. As a result, the magnitudes of the interactions (especially when the molecule is made to become non-centrosymmetric) can be greatly affected, which in turn influences the preferred packing configurations when compared to their hydrocarbon counterparts. Sulfur 59-68 and nitrogen [69] [70] [71] atoms are widely substituted into the π-conjugated frameworks, with oxygen, selenium, and germanium also finding greater use. We provide later on a more detailed discussion of how heteroatom substitution influences the electronic coupling between adjacent molecules.
Halogen Substituents on the π-Conjugated Backbone Periphery
A number of halogen-substituted π-conjugated small molecules and polymers have garnered attention as efficient materials for thin-film transistors and solar cells, with the halogenation employed to alter the redox stability of organic semiconductors. The strong electron-withdrawing character of halogen atoms makes them particularly useful in the design of n-type semiconductors due to their ability to lower the reduction potential (i.e., increase the electron affinity). The electronegative nature of halogen atoms leads to molecules with very polar bonds.
Halogen atoms decline in electron-withdrawing strength as one moves down the periodic table from fluorine to iodine. These polar bonds can play a considerable role in defining the nature of the noncovalent interactions that drive molecular packing. [72] [73] [74] [75] Fluorine is among the most widely used halogen atoms in organic semiconductors. Fluorination of aromatic rings can lead to a reversal of the characteristics of the π-electron density above and below on aromatic ring: perfluorinated aromatic rings lead to large, positive quadrupole moments, with positive poles above and below the rings (and negative poles in the plane of the nuclei), while the opposite is true for unsubstituted rings. 76 Hence, upon fluorination, the drive to maximize the electrostatic interactions and reduce the exchange-repulsion term can lead to very different packing motifs. 77 For example, appending fluorine atoms to pentacene converts the crystal packing from herringbone to a π-stacked motif (Figure 2 ).
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Figure 2. Chemical structures of pentacene (top, left) and perfluoropentacene (top, right) and illustrations of the crystal structure packing of pentacene 78 (bottom, left) and perfluoropentacene 79 (bottom, right).
The degree of halogenation can also play a role. For example, 5-chlorotetracene derivatives pack in a herringbone geometry whereas 5,11-dicholorotetracene and 5,6,11,12-tetracholorotetracene both arrange in face-to-face, slip-stacked configurations, with intermolecular distances of 3.48 and 3.56 Å, respectively. 80, 81 Anthony and co-workers synthesized fluorinated 6,13-triisopropylsilylethynyl (TIPS)-pentacene derivatives, where the number of fluorine atoms on the peripheral rings shifts the intermolecular stacking distance; this distance goes from 3.43 Å in the unsubstituted parent molecule to 3.36 Å for the tetrafluoro structure to 3.28 Å for the octafluoro structure. 82 Perfluorination can also take place on the solubilizing alkyl side chains, which not only alters material miscibility but also influences the preferential charge-carrier transport in the molecular semiconductor; for instance, perfluoroalkyl functionalized oligothiophenes are n-type materials, whereas their alkyl cousins are p-type. 83 Fluorine atom substitution has also been widely used to alter the solid-state morphology of π-conjugated polymers. Appropriate placement of fluorine atoms along the backbone can induce increased backbone planarity, which in turn can allow for tighter interchain packing, while the increased rigidity can enhance the charge-carrier transport properties along the chain. [84] [85] [86] Fluorination has been carried out on a wide variety of building blocks used in the synthesis of polymers, including thiophenes, carbazoles, thienothiophenes, benzothiadiazoles, benzotriazoles, benzodithiophenes, indacenodithiophenes, and anthradithiophenes. The idea of attaching bulky substituents has also been widely used to control the packing of small molecules. [101] [102] [103] In particular, attaching bulky triisopropylsilyl (TIPS) groups via ethynyl linkers to the periphery of pentacene triggers the herringbone packing configuration of pentacene to transform into a 2D-brickwork packing arrangement. 
Noncovalent Interactions in Molecular Materials
As can be seen from the above discussion, there is a wide range of chemistries that can be used to tune the electronic and optical characteristics of organic semiconductors, in part by controlling the ways in which π-conjugated molecules and polymers pack in the solid state. We now turn our attention to the results of specific studies of π-conjugated molecules and polymers, both in neat (pure, single-component materials) and blend (multicomponent) forms, to show how computation and theory are driving the understanding required to a priori direct molecular packing and control materials-scale properties.
The Oligoacene Series
To set a baseline for the discussion, we begin by examining the noncovalent interactions for the oligoacene series (i.e., benzene through hexacene, nrings = 1 -6, Figure 5 ), 51 as these fused aromatic systems can be considered as templates from which most molecular organic semiconductor materials are constructed. There exist a number of investigations exploring the nature and strength of the noncovalent interactions in these systems, which provide further reference: 38,50,108-117 Grimme considered benzene through tetracene 118 and Sherrill studied benzene through pentacene, 119 with both studies focusing on a few, ideal dimer configurations, while Podeszwa and Szalewicz developed comprehensive potential energy surfaces for benzene through anthracene. [120] [121] [122] Here, we will briefly discuss how the nature of the noncovalent interactions changes by starting with eclipsed cofacial arrangements and then considering longaxis translation and rotation about the long-molecular axis ( Figure 5 ). Using symmetry-adapted perturbation theory (SAPT) calculations at the SAPT0/jun-cc-pvdz level (here after simply denoted SAPT0; see Chapter 4 for further details), 123 full potentialenergy surfaces for different oligoacene dimers under varying transformations were constructed. 51 For cofacial stacking configurations, the total SAPT0 interaction energies fall off quickly, as expected, as the intermolecular distances move beyond ca. 3.5 Å. 124 The exchange term decreases fastest, 125 followed by the electrostatic and induction interactions, and then dispersion interactions. Notably, dispersion is the dominant attractive interaction at intermediate intermolecular separations (i.e., greater than 4.5 Å), though at even larger separations (i.e., larger than 7 Å) electrostatic interactions dominate; this is due to the At this stage we can make an important connection between the noncovalent interactions discussed above and the expected electronic characteristics of molecular organic semiconductors. 38,126 Using a pentacene dimer with an intermolecular separation of 3.5 Å as reference, one can readily draw direct connections between the exchange energy and the intermolecular electronic coupling, a key parameter used to describe the charge-carrier transport properties of organic electronic materials (as was mentioned in Section 2.1). As shown in Figure   6 , a perfect co-facial stacking arrangement leads to the largest overlap of the highest-occupied molecular orbitals (HOMOs) on each molecule and, hence, the largest HOMO:HOMO electronic couplings 127 and exchange repulsion (see Chapter 1). 126, 128 The electronic coupling and exchange repulsion generally decrease as one molecule is slipped along the long axis at fixed 3.5 Å intermolecular separation. Both physical properties show an oscillatory pattern that correlates with the nodal pattern of the pentacene HOMO. It is useful to recall that the electronic coupling, as previously demonstrated for sexithienyl, 127 goes to zero at varying molecular displacements, even though there remains considerable spatial overlap of the pentacene backbones. On the other hand, the exchange-repulsion energy in these systems remains large in magnitude for all displacements considered at the 3.5 Å intermolecular separation, which arises from the fact that the exchange energy is determined from the overlap among all occupied orbitals, and is dominated by the electrons in the σ framework. Concurrent consideration of increased intermolecular separation and long-axis translation leads to fairly complex three-dimensional surfaces. 51 For benzene, there is only one minimum in the potential energy surface, while for tetracene and beyond, multiple minima in the potential energy surfaces become apparent, in line with the two-dimensional potential energy surfaces; these extra minima are even more apparent for the longer oligoacenes (e.g., hexacene). For each of these situations, the low energy structures correspond to staggered co-facial arrangements that are reminiscent of TIPS-pentacene, where the bridging carbon-carbon bonds of one molecule are interacting with the face of the fused rings on the adjacent molecule. 101, 102 While it is generally accepted that the TIPS groups dominate the packing, the non-bonded pentacene interactions act to fine tune the packing to result in the staggered, parallel-displaced arrangement (including a degree of slip along the short axis that is not considered here) of the π-conjugated systems.
In addition to long-axis translation, it also of interest to explore the impact of rotating one of the molecules in the dimer, as it provides a preview of the expected intermolecular interactions observed in the herringbone packing configurations found for oligoacenes in the solid state.
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Starting with rotation of one of the co-facial molecules by either 45° or 90° (T-shaped) and adjusting the intermolecular separation, it is found that the 45° dimer is the least stable configuration considered for all acenes in the series, though as the acene length increases, the most stable configuration changes. For benzene, the T-shaped dimer is the most stable, with 45°
and eclipsed dimers being approximately equally unfavorable; in anthracene, the eclipsed dimer is intermediate of the 45° and 90° dimers, while for pentacene the eclipsed dimer is slightly more stable than the 90° dimer. Rotation of the one of the molecules in the dimer from 0° to 90° at fixed intermolecular separations ( Figure 5 ) reveals that for all systems the evolution of the total intermolecular interaction energy follows qualitatively those of exchange and electrostatics; minima are found at 20° and 90°, with a maximum at about 60° (i.e., exchange is more repulsive when electrostatics are more attractive). Here, electrostatics are dominated by charge penetration at the intermolecular distances considered; thus, both exchange and electrostatics are dependent on the extent of orbital overlap with their contributions being of opposite sign. We note that the intermolecular angles found in the oligoacene crystal structures (approximately 50° to 80° depending on the oligoacene) lie near the least stable intermolecular interaction energies. This points to a limitation in the current analysis, suggesting that important terms are not fully accounted for in a two-body SAPT0 approach; [129] [130] [131] [132] thus, models aiming to predict crystal packing need to go beyond such approaches. 133 The analysis of the non-covalent interaction energies of oligoacene dimers reveals the complexity of molecular crystal engineering, with the small energy differences among rather different configurations providing a clear picture of why polymorphism is such a common phenomenon in these systems. 51 We now turn to studies on functionalized oligoacenes to highlight how chemical substitution can impart novel molecular packing in the solid state and, in turn, electronic properties.
3.2. Rubrene: Solid-State Structure Determined by a Balance of Intramolecular and
Intermolecular Noncovalent Interactions
As noted in the Introduction, rubrene (labeled 1 in Figure 7 ) is an exemplar molecular organic semiconductor in terms of measured charge-carrier transport characteristics. It also provides an To explore these questions, a large series of rubrene derivatives were studied, five of which are shown in Figure 7 . 126 For all rubrene derivatives considered, rubrene conformations with a twisted tetracene core (with twists of 30 to 40° in a helical-like fashion) are favored by ca. 2 to 4 kcal mol -1 over rubrenes where the tetracene backbone is constrained to be planar; these results are consistent with previous theoretical studies. 44, [139] [140] [141] [142] For an isolated tetracene molecule, the planar conformation is nearly 5 kcal mol -1 more stable than conformations with twists similar to those in rubrene; 145 hence, the tetracene backbone finds itself in a highly unfavorable conformation in rubrene. The nearly equivalent stabilization induced by twisting the tetracene backbone across the series indicates that the exact nature and positions of the substituents on the phenyl rings have only a small effect on the energetics of the molecular structure.
For isolated rubrene molecules, it is noncovalent intramolecular interactions between phenyl
groups on the same side of the molecule that are responsible for the twisting. The phenyl pairs anchored to the central rings of the tetracene backbone are constrained to an intermolecular separation (based on interatomic distances) of approximately 3 Å at their closest point of contact.
To explore the impact of this close contact, phenyl pairs were extracted from the rubrene structures (with the broken carbon-carbon bond replaced by a carbon-hydrogen bond) and the noncovalent intermolecular interactions of the phenyl pair evaluated at the SAPT0 level of theory. The analysis reveals that, to minimize the unfavorable exchange interactions at such a close distance, the phenyl rings move away from the co-facial arrangement of a perfect D2h conformation, resulting in a torque in the tetracene backbone. The repulsive exchange energy in these phenyl pairs is ca. +20 to +23 kcal mol -1 , an energy that is nearly twice as large as the dispersion and three times as large as the electrostatic energies. While these relative values are consistent with those for the benzene dimers at 3 Å, they are in absolute values about half as large as those for the fully eclipsed (D2h) benzene dimer at 3 Å.
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Given that rubrene wants to maintain a twisted tetracene core, the question arises as to why some rubrene derivatives pack with a planar tetracene core in the solid state. The answer to this question is complex, and there remain many issues to address to provide a full understanding.
However, a key outcome of the SAPT0 investigation is that interactions both within the plane, where the tetracene cores overlap, and between these planes, where the phenyl rings directly interact, assist in the planarization of the tetracene core. Likewise, the electronic couplings are found to decrease with nitrogen substitution, with the exact decrease depending on the specific location of functionalization and orientation of the molecules in the azapentacene pairs. 38 As with pentacene, the azapentenacenes show the expected correlation between exchange-repulsion and intermolecular electronic coupling, as both factors depend on the degree of wavefunction overlap. The scale of these energies, however, is considerably altered by the preferred molecular orientation. Due to dipole moments that arise from asymmetric nitrogen substitution, increased electrostatic interactions favor dimer configurations with less spatial overlap among the majority aromatic hydrocarbon components of the molecular structures, resulting in smaller electronic couplings.
Positional disorder of thiophene atoms in thienoacenes, and specifically in anthradithiophenes (ADT), has been related to the varying charge-carrier transport characteristics of the molecular materials derived from these systems. 146, 147 As thin-films of the molecular organic semiconductor materials are generally disordered, pathways of consistent molecular alignments that mitigate the impact of charge trapping sites (e.g., defect sites within the material that lead to electronic disorder) are necessary to provide efficient charge-carrier transport conduits through the active layer. From a materials design standpoint, it is important to realize that the substitution of thiophene into an acene structure can lead to an isomeric mixture of products. 146, [148] [149] [150] In addition to isomeric purity, molecular symmetry can play a role. For molecules with low degrees of symmetry, adjacent molecules can pack in a disordered manner despite the molecules being isomerically equivalent. For isomerically pure ADTs, the anti isomer shows the lowest degree of thiophene positional disorder in the experimental crystal structures, 146, 149 which could lead to more homogenous charge-carrier transport pathways and offers a plausible explanation for the larger hole mobilities determined from transistor studies.
To discuss the effects of disorder in a more descriptive manner, the concept of the disordermera form of intermolecular dissimilarity between regiochemically identical molecules due to disorder in the crystalline state -was recently introduced. 147 SAPT0 and density functional theory (DFT) calculations of syn and anti BDT disordermers reveal important differences in the noncovalent interactions and subsequent intermolecular electronic couplings as a function of the disordermer. 147 In general, contacts where sulfur atoms are in close proximity are less energetically favorable than those where the sulfur atoms are further away from each other, due to large exchange-repulsion energies, while the electronic couplings tend to be larger when direct sulfur contacts are present. These results can be related back to the characteristics of isomerically pure ADT molecular materials. Analysis of the ADT crystal structures 146, [148] [149] [150] shows that the dominant disordermers tend to minimize sulfur contacts among nearest neighbors: The anti ADT isomer is able to sustain a pattern of minimal sulfur contacts in the solid state, while the symmetry of the syn ADT isomer does not allow this to occur, resulting in the presence of much more disorder in the crystal; the larger degree of disorder in syn ADT appears to be the reason behind the worse transistor performance when compared to transistors using anti ADT as the active layer. Thus, while heteroatoms are widely used in the design of organic semiconductors, making seemingly subtle changes in the chemistry of the π-conjugated backbone through heteroatom substitution to alter the redox and (opto)electronic characteristics, can have wide ranging materials implications. We start with an analysis of fullerenes, namely PC61BM (phenyl-C61-butyric acid methyl ester, Figure 10 ), in solution. 151 In combination with chlorinated solvents, high-boiling point solvent additives are typically used during the solution processing of organic photovoltaic (OPV) activelayer formulations to impact the morphological / topological features of the bulk heterojunction (BHJ) multicomponent thin film. However, little is known as to how and why these additives affect solubility. The unsubstituted fullerene, C60, can be used as a baseline to understand PC61BM solubility. For the PC61BM-solvent interactions, the repulsive wall of the potential energy surface rises at a smaller interaction distance (6.4 Å) when compared to the C60-solvent interactions (6.8 Å). These differences are indicative of effects due to the fullerene adduct, and correlate with the higher solubility of PC61BM in these solvents, especially for PC61BM in CB. Turning to the PC61BM-additive interactions, while DClO reveals a tendency for much weaker binding with PC61BM when compared to CB and DCB, 1CN and NAP interact rather strongly and at similar center-ofmass distances, results that are in line with those of C60. Across the solvents and additives considered, the intermolecular interactions tend to be stronger with PC61BM when compared to C60, a factor directly attributable to the adduct.
Noncovalent Interactions in Fullerenes and
The SAPT0-derived noncovalent intermolecular interactions can be related, in part, to the widely used Hildebrand and Hansen solubility parameters. [151] [152] [153] The Hildebrand parameter (δT) corresponds to the square-root of the cohesive energy density, i.e. , the intermolecular interaction energy in the solid state per unit volume. Hansen further separated the Hildebrand parameter into three intermolecular contributions (which are referred to as the Hansen solubility parameters):
dispersion (δD), Coulombic or dipole-dipole (δP), and hydrogen-bonding (δH) interactions).
Moreover, we have shown with molecular dynamics (MD) simulations using the OPLS-AA force field the ability to evaluate Hildebrand and Hansen parameters for PC61BM, PC71BM
(phenyl-C71-butyric acid methyl ester), DCB, and CB with good semi-qualitative agreement with experiment. In this context, the comparisons made here are qualitative, and provide an upper bound for the noncovalent intermolecular interactions that are critical to determining the solubility parameters.
Having gained insight into how the substituent appended to the fullerene cage can affect solubility, we now describe how the substituent on the fullerene can impact interactions with π-conjugated polymers and, in turn, the mechanical properties as considered through the cohesive energies (i.e., a measure of the noncovalent interactions holding together molecular and polymerbased materials in the solid state). Here, we focus on two fullerenes -PC61BM and ICMA (indene-C60-mono adduct, Figure 11 ) -and the widely studied π-conjugated polymer poly(3-hexylthiophene) (P3HT). Turning to the mechanical properties of the pure materials, the calculated uniaxial elongation/tensile moduli for an elastic material, a measure of stiffness for the substituted fullerenes, are determined to be 8.1 ± 0.01 GPa for PC61BM and 8.3 ± 0.01 GPa for ICMA; the 0.2 GPa larger modulus for ICMA is a function of the shorter adducts that result in closer packing and higher density. 160 While the differences in tensile modulus might at first appear to be minor, extremely small error bars suggest that this is a notable difference. The cohesion energy obtained from MD deformation simulations for ICMA is 0.36 ± 0.05 J m -2 , a result that is somewhat larger than the experimental value (0.23 J m -2 ) 160 notably, ICMA clusters are formed during film formation from deposition with chlorobenzene, the solvent used in the corresponding experimental investigation, which could reduce the film cohesion measured experimentally. 161 The calculated cohesion energy for PC61BM is 0.50 ± 0.05 J m -2 , a result that is in very close agreement with the experimental result of 0.51 ± 0.07 J m -2 . 160 These results provide confidence that the fullerene intermolecular interactions are well-described by the force field.
Deformation simulations, where the simulation box was elongated in one direction to induce strain on the system, were carried out at the MD level for pure P3HT and 1:1 weight-percent mixtures of P3HT:PC61BM and P3HT:ICMA for 50-monomer (8.3 kDa) and 200-monomer (33.2 kDa) P3HT. The pure polymer simulations, as expected, show very different behavior, with the higher-molecular-weight polymer able to handle more strain, a result directly attributable to the presence of substantial entanglements in the higher-molecular-weight system. 160 The addition of the fullerene derivatives to low-molecular-weight P3HT results in no plateau with strain. In contrast, the 200-monomer P3HT:fullerene blends do show a stress plateau past 100% strain. For ICMA:P3HT mixtures, a slightly larger stress is observed at strains greater than 200%, indicative of a greater degree of entanglements in this blend compared to the P3HT:PC61BM mixtures.
Upon elongation, due to stronger intermolecular interactions, P3HT:ICMA mixtures tend to form thick, inter-mixed fibrillar structures, in contrast to independent P3HT fibrils with fewer bound PC61BM molecules in the case of P3HT:PC61BM mixtures. 160 Moreover, simulations of polymer/fullerene bilayers show that fracture tends to occur within the ICMA layer for the P3HT/ICMA bilayer, whereas the fracture occurs at the interface for a P3HT/PC61BM bilayer.
Hence, relatively modest changes in fullerene chemistry can lead to rather important effects on the mechanical properties of BHJ active layers in OPV. cells with fullerene acceptors to a very significant extent. 106 As we discussed in the Section 2.4, the locations of the fullerene molecules over the conjugated polymer backbones depend on the nature and position of the alkyl side-chains. 162 Furthermore, intermolecular interactions between polymer chains and fullerene molecules are known to play crucial roles on the electron-transfer rates, 163 exciton binding energies, 164 and processes of charge separation and charge recombination. 163 Hence, the performance of OPV devices does depend on the intermolecular arrangements and resulting energy landscapes at the interfaces between the polymer and fullerene phases.
As a first step, it was of interest to determine whether, in the absence of any side-chains, a fullerene molecule has a preference to locate over the electron-rich or electron-poor moieties of the copolymer. Thus, we considered a PBDTTPD oligomer without side-chains interacting with C60 in two (face-on and edge-on) orientations, see Figure 12 (all calculations were carried out at the ωB97XD/6-31G(d,p) level of theory, with the coordinates of the oligomer frozen during geometry optimizations of the complexes to limit reconfiguration of the backbone). The difference in interaction energies (ωB97XD/6-31G(d,p)) when C60 sits on top of the electron-rich (BDT) unit with respect to when it sits on top of the electron-poor (TPD) unit is in fact within thermal energy at room temperature (0.4 kcal/mol). 165 Hence, in the absence of alkyl side chains, C60 has no preference on top of the backbone. Edge-on conformations are, however, much less favorable. , an increase in the probability of finding PC61BM close to the TPD moieties is observed (34.1%, 42.3%, and 47.2%, respectively). 168 The probability of finding PC61BM close to the BDT or TPD moiety is mainly determined by interactions between PBDTTPD and PC61BM, while the orientations of the PC61BM on top of the conjugated polymer backbone depend on both PBDTTPD-PC61BM and PC61BM-PC61BM interactions.
Synopsis
We are at the very initial stages of developing the quantum-chemical foundation needed for an a priori computational design of organic semiconductors. The chemistry used to develop organic electronic materials is vast. As highlighted throughout this chapter, seemingly subtle changes in molecular chemical composition and architecture to alter the redox or (opto)electronic properties of isolated molecules can greatly impact the nature and strength of the noncovalent interactions that are important to solubility, solid-state packing, and the macroscopic materials characteristics. We are therefore faced with the significant challenge to develop the multiscale models and methods necessary to enable chemical control of these features, in order to improve the design of these important electronically and optically active materials. 
